loosening and no osteolysis visible on CT scan in either group. The weight of polyethylene wear particles produced at the bearing surface was 0.046 6 0.010 g in 1 g of synovial fluid in patients with an OxZr femoral component and 0.0448 6 0.0108 g in patients with a CoCr femoral component (p = 0.583). Kaplan-Meier survivorship free from revision was 97% for the OxZr group (95% confidence interval [CI], 93-100) and 98% for the CoCr group (95% CI, 93-100) at 13 years after surgery (p = 0.918).
Abstract
Background Methods to reduce the revision rate of total knee prostheses because of wear-related issues are important to examine, particularly because younger patients have a disproportionately high risk of revision. Questions/purposes (1) Are long-term Knee Society knee and function scores better in younger patients with an oxidized zirconium (OxZr) TKA compared with those with a cobalt-chrome (CoCr) TKA? (2) Are there differences in radiographic signs of loosening or CT findings of osteolysis between OxZr TKAs and CoCr TKAs? (3) Are there fewer polyethylene wear particles in the OxZr TKA than CoCr TKA? (4) Do the groups differ in terms of survivorship free from revision surgery at 13 years? Methods From April 2003 to January 2007, we enrolled 110 patients younger than 55 years of age in this randomized, double-blind, prospective trial. Each patient served as his or her own control and each received an OxZr femoral component in one knee and a CoCr femoral component in the other. The minimum followup was 10 years (mean, 13 years; range, 10-14 years); two died and nine were lost to followup before that time, leaving 99 patients (198 knees) for analysis. There were 28 men and 71 women with a mean age of 53 6 6 years (range, 40-55 years). We obtained Knee Society knee scores for each knee, but Knee Society function scores, WOMAC scores, and UCLA activity scores were obtained for each patient preoperatively and at each followup. Additionally, we performed radiographic examination preoperatively and at each followup. At a minimum of 10 years (mean, 13 years) followup, we obtained CT scans in all patients. Polyethylene wear particles in the synovial fluid were analyzed at the final followup using thermogravimetric methods and scanning electron microscopy. Survivorship was ascertained using the Kaplan-Meier calculator. A sample size calculation determined that to detect a difference in the Knee Society knee score of 5 points, assuming a SD of 5 points, with an a = 0.05 and b = 0.80, a total of 90 patients would be needed in each group. Results At the most recent followup, the mean Knee Society knee scores (92 versus 93 points; p = 0.857), function scores (85 versus 85 points; p = 1.000), WOMAC scores (23 versus 23 points; p = 1.000), UCLA activity scores (6.5 versus 6.5 points; p = 1.000), and range of knee motion (125°versus 127°; p = 0.365) were not different between the two groups. There was no radiographic evidence of Each author certifies that neither he or she, nor any member of his or her immediate family, has funding or commercial associations (consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research® editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research® neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDA approval status, of any drug or device before clinical use. Each author certifies that his or her institution approved the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research.
Introduction
Patient age is a well-recognized risk factor for revision TKA with higher revision rates in younger patients [3, 25, 29] because of polyethylene wear or osteolysis. Methods to reduce wear-related TKA revisions therefore are important to examine given the frequency of this problem in younger patients [8] . One potential method of reducing polyethylene wear in TKA is to use a ceramic bearing surface articulation. Oxidized zirconium (OxZr; Smith & Nephew, Memphis, TN, USA) has been introduced as an alternative bearing surface to cobaltchromium (CoCr) [2, 14, 27, 31] to reduce polyethylene wear and hence decrease long-term TKA failure rates.
Many wear analysis [5, 6, 28] and retrieval studies [9, 10] have shown that OxZr has better wear properties than CoCr alloy and causes less surface damage on the polyethylene component. However, several clinical studies have been unable to show that OxZr yields better survival and Knee Society knee and function scores compared with CoCr in TKAs [13, 18, 19] . Although noncomparative studies of OxZr and CoCr TKAs have reported promising results in terms of Knee Society knee scores, radiographic findings, and survival rates [11-13, 15, 18, 23] , we are aware of no long-term comparative clinical studies of TKA with an OxZr and a CoCr femoral component in the same younger patients.
We therefore examined four questions in this prospective, double-blind, randomized controlled study in patients younger than 55 years of age: (1) Are long-term Knee Society knee and function scores better in younger patients with an OxZr TKA compared with those with a CoCr TKA? (2) Are there differences in radiographic signs of loosening or CT findings of osteolysis between OxZr TKAs and CoCr TKAs? (3) Are there fewer polyethylene wear particles in the OxZr TKA than CoCr TKA? (4) Do the groups differ in terms of survivorship free from revision surgery at 13 years?
Patients and Methods

Inclusion and Exclusion Criteria
From April 2003 to January 2007, we prospectively enrolled 110 patients (220 knees) younger than 55 years of age who had osteoarthritis in both knees severe enough to warrant bilateral simultaneous sequential TKAs. During this same time, we operated on 142 patients (284 knees) younger than 55 years of age. Thirty-two of 142 patients did not participate in this study. We excluded patients with inflammatory arthritis, foot and ankle disorders, dementia, a history of stroke, hip disease, or who were older than 55 years of age. Our institutional review board approved the study and informed consent was obtained from all patients.
Followup and Demographics
Over the surveillance period, two patients died from causes unrelated to surgery with implants intact and functioning, and nine patients were lost to followup; thus, 99 patients (198 knees) were available for clinical, radiographic, and CT scan evaluation as well as for detecting polyethylene wear particles in the synovial fluid at a mean followup of 13 years (range, 10-14 years; Fig. 1 
Randomization and Interventions
Randomization of the Genesis™ II (Smith & Nephew) total knee prosthesis to an OxZr or a CoCr femoral component was accomplished using a sealed numbered envelope, which was opened in the operating room before the skin incision was made. A computer program equally assigned all patients to receive one type of component in one knee and the other type in the contralateral knee. Because there could be no crossover in this randomized trial, all analyses were performed under intention-to-treat principles.
The tibial components were modular with a ram-extruded, ethylene oxide-sterilized polyethylene insert. These polyethylene inserts were not intentionally crosslinked by irradiation or any other method before terminal sterilization. All the patellae were resurfaced with an all-polyethylene patellar implant. The OxZr and CoCr femoral components of this total knee system have identical geometry. Heyse et al. [10] reported that roughness average (Ra) of OxZr femoral component is 0.050 6 0.001 mm and that of CoCr femoral component is 0.088 6 0.013 mm (p = 0.007).
Surgery and Aftercare
All procedures were performed by the senior author (Y-HK) with tourniquet inflation to 250 mmHg under epidural anesthesia. An anterior midline skin incision was made between 12 cm and 15 cm long with a medial parapatellar capsular incision. Ten millimeters of tibial bone was resected with a 7°posterior tibial slope. An anterior cortical reference was used for the AP cut of the distal femur. In both groups, femoral component rotation was determined by three reference axes: (1) the transepicondylar axis; (2) the midtrochlear (Whiteside line); and (3) 3°of external rotation relative to the posterior aspect of the condyles. Ligamentous balance was established first in knee extension and then in knee flexion with use of a tensor. All implants were posterior cruciate-retaining and cemented using Simplex P cement (Howmedica, Rutherford, NJ, USA) after pulsed lavage, drying, and cement pressurization. On the second postoperative day, we initiated continuous passive ROM and began physical therapy for active mobilization. All patients were discharged home from the hospital. They were allowed full weightbearing and were advised to use crutches or a walker for 4 weeks to prevent a fall.
Clinical Assessments
We followed up on patients at 3 months and 1 year postoperatively and then every 2 or 3 years thereafter. We obtained Knee Society knee scores [16] and WOMAC scores [4] preoperatively and at 3 months, 1 year, 2 or 3 years, and latest followup (at a minimum of 10 years). We used the UCLA activity score [32] to assess patients' activity level. A standard 60-cm goniometer was used to measure the range of knee motion preoperatively and at each followup. A research associate (DK) who was not part of the operative team recorded and compiled all clinical data. Our primary outcome study was Knee Society knee score.
Radiographic Analyses
As previously reported [20] , at each followup examination, we determined limb alignment using a long-leg standing film, including hip and ankle, the component position, the joint line, posterior femoral condylar offset as well as the loosening of the components. Definite loosening of the components was defined as a change of angle, vertical or horizontal migration exceeding 2 mm, or a continuous radiolucent line wider than 1 mm on both the AP and lateral radiographs. To control knee rotation, all radiographs were made under fluoroscopic guidance. A research associate (DK) who was not part of the operative team analyzed and recorded radiographic data at each followup.
At the latest followup, we determined component rotational alignment and osteolysis using a multislice CT scanner (General Electric LightSpeed Plus; GE Medical System, Milwaukee, WI, USA) in all patients. The CT scan was performed from 10 cm above the superior pole of the patella to 10 cm below the tibial tuberosity in contiguous 2.5-mm slices. To determine rotational alignment of the femoral component, the angle was measured between the line joining the medial and lateral epicondyles of the femur and the line joining the posterior margin of the femoral component. Measurement of axial rotation of the tibial component was carried out in relation to the posterior margins of the medial and lateral tibial plateaus and the posterior margin of the tibial polyethylene insert ( Fig. 2A-B) . Any nonlinear region of periprosthetic cancellous bone loss with delineable margins was defined as osteolysis. CT scans were examined by one author (Y-HK).
Measurements for all radiologic and CT parameters were performed three times (with a 3-day interval between measurements). The chance-corrected k coefficient [22] , calculated as previously reported [21] to determine intraobserver agreement for measurements for all radiographic and CT parameters, ranged from 0.94 to 0.97.
Wear Analysis
We isolated polyethylene wear particles, as previously reported [18] , from aspirated synovial fluid from each knee in all patients at a mean of 13 years (range, 10-14 years) postoperatively. We measured the amount of polyethylene wear particles in aspirated synovial fluid. Additionally, we examined the size and shape of polyethylene wear particles with scanning electron micrography (SEM; Model JSH-6360A; Jeol Co, Tokyo, Japan). At least 100 particles were counted in the SEM photographs for each sample. One observer (J-SK) examined the samples and intraobserver agreement was 0.67 to 0.85. Particle size was expressed using equivalent circle diameter. Particle shape was determined by the aspect ratio (length/breadth) and roundness (perimeter 2 /p x area) [21] .
Statistical Analysis
An a priori power calculation was performed with use of a clinically relevant difference in Knee Society knee score of 5 points and a SD of 5 points. For an effect size of 20% in functional outcome, as measured with use of a validated instrument such as the linear analog scale assessment (in which a-= 0.05 and b = 0.80), calculations revealed that 90 patients would be needed in each group. In addition to the required member of 90 subjects, nine more patients were recruited to allow for possible attrition. The changes in the Knee Society knee score and WOMAC scores were evaluated with use of a paired t-test.
The range of knee motion was compared between the two groups with a two-way repeated-measures analysis of variance. Nonparametric chi square tests were used to compare complication rates and radiographic and CT data between the two groups. Differences in the polyethylene particles between the two types of component were analyzed using a paired t-test and chi square test. The level of significance was set at p < 0.05. Kaplan-Meier curves were used to analyze the rate of prosthesis survival with revision for any reason or aseptic loosening as the endpoint [17] ; the 95% confidence interval (CI) at certain times was calculated with the Greenwood formula [7] .
Results
The mean Knee Society knee scores did not differ between the two groups either preoperatively (28 6 10 versus 27 6 9 points, p = 0.823) or at the final followup (92 6 5 versus 93 6 5 points, p = 0.857). At final followup, 72 of 99 patients (73%) in the OxZr group and 73 of 99 patients (74%) in the CoCr had no pain. No patient in either group had severe pain at final followup. Preoperatively, the mean WOMAC score was 61 6 11 points (range, 43-96 points) in both groups and 23 6 15 points (range, 5-45 points) in both groups at final followup. The mean range of knee motion preoperatively was 127°6 6°(range, 80°-145°) in the OxZr group and 125°6 6°(range, 70°-150°) in the CoCr group. At final followup, range of knee motion was 125°(range, 70°-150°) in the OxZr group and 127°( range, 65°-150°) in the CoCr group. The UCLA activity score was 1.6 points (range, 0-4 points) preoperatively in both groups and 6.5 points (range, 5-10 points) at the final followup in both groups (Table 1) . Radiographs and CT scans showed no osteolysis around the tibial, femoral, and patellar components (Fig. 3A-B) . No knee in either group had patellar dislocation, loosening, or patellar clunk syndrome. No knee in either group had a radiolucent line > 1 mm.
There were no differences between the two groups regarding knee alignment, the position of the femoral and tibial components in the coronal and sagittal planes, or the preoperative and postoperative joint line (p > 0.05 for all: paired t-test; Fig. 2A-B) . The alignment of the knee was a mean of 5.3°valgus in the OxZr group and 5.5°valgus in the CoCr group. Posterior slope of the tibial component and the posterior condylar offset did not differ between the two groups (p > 0.05 for all: paired t-test). CT scans showed no difference in the rotational alignment of the femoral or tibial components of either design.
The mean weight of the polyethylene wear particles was not different between the two groups: 0.0461 g (SD 0.0102) for the OxZr group and 0.448 g (SD 0.0108) for the CoCr group (p = 0.583; Table 2 ); the size, aspect ratio, and roundness of the particles were not different (Table 3) .
Kaplan-Meier survivorship [27] free from revision was 97% for the OxZr group (95% CI, 93-100) and 98% for the CoCr group (95% CI, 93-100) at 13 years postoperatively (p = 0.918). Survivorship free from aseptic loosening was 99% in the OxZr group (95% CI, 95-100) and 100% in the CoCr group (95% CI, 96-100) at 13 years postoperatively ( Fig. 2A-B) (p = 0.921). There were three revisions in the OxZr group, one for infection, one for aseptic loosening of the tibial component, and one for wear of the polyethylene insert. In the CoCr group, there were two revisions, one for knee instability and another for infection.
Discussion
Young patients are at greater risk for revision TKA because of aseptic loosening or polyethylene wear [3, 25, 29] . One potential method of reducing polyethylene wear in TKA is to use a ceramic bearing articulation. The reason for our study was to determine whether a more expensive OxZr TKA would be superior to a standard CoCr TKA in terms of clinical results, radiographic results, and polyethylene wear reduction. In our study, we asked: (1) Are long-term Knee Society knee and function scores better in younger patients with an OxZr TKA compared with those with a CoCr TKA? (2) Are there differences in radiographic signs of loosening or CT findings of osteolysis between OxZr TKAs and CoCr TKAs? (3) Are there fewer polyethylene wear particles in the OxZr TKA than CoCr TKA? (4) Do the groups differ in terms of survivorship free from revision surgery at 13 years?
There are some limitations of this study. First, it is frequently difficult for a patient who has undergone bilateral TKA to determine which knee is functioning better. Therefore, the WOMAC function scores and the Knee Society scores should be interpreted with caution. The components of pain, support, and range of knee motion were easily differentiated, but components of distance walked and stairclimbing ability were more difficult to appreciate. Second, in the current series, there were no patients with morbid obesity, and a large majority of patients were women; in addition, preoperative ROM was generally good. These factors might limit general applicability to other patients or practice settings. Third, the amount of polyethylene wear cannot be measured accurately unless polyethylene liner is retrieved, which can only be undertaken if the TKA has failed. We acknowledge that although we could not distinguish the difference between the polyethylene particles extracted from joint fluid aspirates taken at final followup from the knee with either variation of the tibial component, we did not attempt to quantify through any type of postoperative imaging whether the tibial polyethylene insert thickness had changed less in vivo in the knees that had received the OxZr femoral component. Therefore, we cannot completely exclude the possibility that the bearing paired with the OxZr femoral component may have incurred less burnishing than the bearing paired with the traditional CoCr femoral components. Furthermore, we have not retrieved the bilateral tibial polyethylene inserts after patients' deaths, and such opportunities would allow for the most accurate assessment of the burnishing losses from the tibial polyethylene inserts that articulated with each femoral component variation. Despite these limitations, we believe our assessment in the same patients suffices to compare clinical and radiographic findings and the amount of polyethylene wear between the two groups.
Hui et al. [13] found no differences at 5 years in the clinical and radiologic outcomes for OxZr compared with CoCr femoral components in a randomized prospective series of 40 patients. Kim et al. [18, 19] reported no differences in the clinical and radiologic results in patients with two types of femoral components in randomized trials of 100 patients at 5.5 years [18] and 331 patients at 7.5 years followup. Inacio et al. [14] reported that the short-to intermediate-term survivorship of OxZr on conventional polyethylene was not different from that for CoCr in a large series comparing a variety of alternative bearing surfaces. Another study reported that revision rates of OxZr and CoCr femoral components were not different in all age groups including patients younger than 55 years [30] . McCalden et al. [24] demonstrated excellent long-term results of the Genesis II TKA at a mean of 15 years. They reported that TKA with an OxZr femoral component gives comparable long-term rates of survival and functional outcomes as with conventional implants. However, they did not have their own control group like we did with the CoCr femoral component for comparison. At the final followup in our current series, the mean Knee Society knee and function, WOMAC, and UCLA activity scores as well as range of knee motion and radiographic and CT scan results were not different between the OxZr and CoCr femoral component groups. The tibial polyethylene inserts of our study were never crosslinked before terminal gas sterilization. One might expect that larger burnishing particulate losses owing to the absence of crosslinking might have caused periprosthetic osteolysis, but despite that, we observed no such osteolysis either on CT or plain radiography. We suspect that the amount of burnishing polyethylene particles did not reach the threshold of eliciting osteolysis.
As a potential method of reducing wear and wearrelated revisions, the clinical assessment of OxZr has been justified by several preclinical studies. Ezzet et al. [5] simulated polyethylene wear in athletically active patients with modestly malaligned OxZr and CoCr TKA implants of the same designs and demonstrated that the mean gravimetric and volumetric wear rate after > 5 million cycles was 55% lower in the OxZr group. White et al. [31] reported that OxZr femoral components in a knee simulator had less polyethylene wear and no delamination in a 2- Values are mean 6 SD; OxZr = oxidized zirconium; CoCr = cobalt-chrome; CI = confidence interval. million cycle test compared with the same CoCr TKA. Hui et al. [13] observed that four retrieved polyethylene inserts had similar types and patterns of wear with backside wear found in each. There were no differences between the retrieved polyethylene liners under stereo zoom or environmental SEM. Therefore, they suggested that to analyze the amount, type, and pattern of polyethylene wear more accurately, polyethylene wear particles should be analyzed in the synovial fluid rather than analysis of the retrieved polyethylene inserts. In their synovial fluid analysis, Kim et al. [18, 19] suggested that the weight, size, and shape of polyethylene wear particles are similar in the TKAs with an OxZr femoral component and a CoCr femoral knee component. Minoda et al. [26] also showed no difference in polyethylene debris in knee aspirations from a small number of knees 12 months after implantation of OxZr and CoCr TKA prostheses. In our study, in which each knee received a femoral component of each material (surface roughness) variation, the uncrosslinked never-irradiated gas-sterilized polyethylene bearing would be the particular type that would be most likely to demonstrate a difference in favor of an OxZr femoral component because it would be most susceptible to such particulate losses regardless of the femoral countersurface. However, in the current study, there was no difference between the two groups in terms of the weight, size, and shape of polyethylene wear particles (Fig. 4) . A more contemporary moderately to highly crosslinked bearing material that was subsequently treated to reduce free radicals before terminal gas sterilization would likely result in even smaller differences between OxZr and CoCr bearing surfaces. Although the Ra value of the OxZr femoral component is lower than that of the CoCr femoral component [10] , the weight, size, and shape of polyethylene wear particles were not different between the two groups. This may be attributable to smaller particles being suspended in the synovial fluid, whereas larger particles or particles with more asperities might get caught in the synovium. Given the absence of demonstrated superiority of either the CoCr implant or the OxZr implant, we recommend that surgeons and healthcare systems can reasonably choose the less expensive device for routine use, unless there is some compelling reason in an individual patient to choose one over the other (such as severe, documented metal sensitivity).
